Abstract-We report a method that uses top-down techniques for fabrication of non-local lateral spin-valve devices. Using this process, we demonstrate the fabrication of non-local lateral spin valves with Cu channels and Co nanopillar structures down to 75 nm × 100 nm. This will provide an appealing, cost-effective approach for industrial applications and allow for high control over material interface properties and device design. The nanopillar structures are essential to the scalability of devices, which is required for magnetic read head and logic applications to be competitive with current technologies.
I. INTRODUCTION
Spintronic devices, which utilize magnetization and electron spin rather than charge for data storage and computation, have become an increasingly attractive topic in research. Recently, it has been proposed to use non-local lateral spin valves (NLSV) for read heads [Yamada 2013 ] and logic devices [Behin-Aein 2010] . Current read heads and logic devices have several challenges to overcome and NLSVs provide a promising candidate to overcome these challenges.
For magnetic recording readers, NLSVs offer benefits such as allmetallic devices with low resistance-area product (RA) and separation of the pinned layer from the free layer, resulting in potentially smaller read heads as compared to giant magnetoresistance or tunneling magnetoresistance based read heads. Due to the possibility of having all-metallic NLSVs, the RA product is smaller than magnetic tunnel junction devices that incorporate a high-resistance tunnel barrier. [Yamada et al. 2013] have shown that by reducing the nonmagnetic channel material width, the output signal increases while the track width can be reduced for NLSV-based read heads. A simplified schematic of a NLSV-based read head is shown in Fig. 1(a) .
Spintronics for logic applications has gained significant research interest in recent years due to its potential to overcome limitations associated with scaling in complementary metal-oxide-semiconductor (CMOS) technology. NLSVs offer the benefit of eliminating the need for spin-to-charge conversion and rely solely on spin as the internal state variable. In 2010, a proposal was made for an all-spin logic device which utilizes only spin as the internal state variable, does not rely on charge for the transmission of data [Behin-Aein 2010] , and offers the potential for lower power consumption [Young 2012 , Behin-Aein 2011 , Kim 2011 . A schematic design of how a NLSV can be used to build a basic logic gate is shown in Fig. 1(b) .
A NLSV consists of two ferromagnetic contacts (FM1 and FM2) connected laterally by a nonmagnetic spin channel which can be metallic, semiconducting, or a two-dimensional material such as graphene. A current flowing between FM1 and one end of the channel acts as the injector generating spin-polarized current. The spin-polarized electrons diffuse in the channel and the spin accumulation at FM2 can be detected by measuring the voltage at FM2 relative to the other end of the channel. The voltage state detected depends on the relative orientations of FM1 and FM2, and the difference in states can be used for logic applications or to represent the information stored in magnetic recording.
Lateral spin valves were first discussed by Johnson and Silsbee [1985] . Since then, there have been many additional LSV demonstrations [Jedema 2001 , Ji 2006 , Kimura 2007 , Ji 2007 , Yang 2008 , Vogel 2009 , Zou 2010 , Fukuma 2010 , Bridoux 2011 , Zou 2011 , Takahashi 2012 , Nonoguchi 2012 , Villamor 2013 , Ikhtiar 2014 . A NLSV was demonstrated in 2008 that used FM nanopillars rather than the conventional FM strips, and switching was achieved solely by the generated pure spin current [Yang 2008 ]. However, the devices in these experiments relied on lift-off or shadow beam evaporation for fabrication. Nanopillar NLSV devices have also been demonstrated using an etch-back approach [Nonoguchi 2012 ]; however, the channel geometry was not defined, and this adds additional complexity. A channel is required in order to be able to combine multiple logic gates together for logic performance as well as to confine the diffusive flow of the pure spin current to the region between the FM pillars. An alternative top-down fabrication has been demonstrated in [Ikhtiar et al. 2014] ; however, this process still required FM strips as opposed to being able to fabricate individual nanopillars, and the channel material deposition was carried out in two separate steps.
In this letter, we present an alternative top-down fabrication process that can be used for the fabrication of NLSV devices. The process allows for the entire material stack to be deposited without breaking vacuum, which preserves the interface quality between the FMs and channel. This is important for future applications incorporating perpendicular magnetic materials, especially ones which rely on interface quality to achieve perpendicular anisotropy as well as for multilayer structures or complex alloys. The process allows us to directly pattern and control individual nanomagnet and channel sizes and will help improve the scalability of future devices, which is difficult to achieve via shadow beam evaporation techniques. This is crucial for cases where complex channel layouts are required to connect multiple FMs in order to form logic gates or for read head designs.
II. EXPERIMENTAL DETAILS
The initially deposited film stacks have a structure of substrate/MgO (3 nm)/Cu (100 nm)/Co (20 nm)/Pd (3 nm). The films were deposited with a dc and RF-magnetron Shamrock sputtering system. The deposition was done with a base pressure of <5 × 10 −8 Torr. The deposition conditions including cathode and anode bias voltage, Ar gas flow, and power are summarized in Table 1 . The patterning was performed using a Vistec electron beam (ebeam) lithography system at 100 kV. The channel was first patterned using negative MaN-2403 resist. The sample was prebaked at 110
• C for 1 minute. The MaN-2403 resist was then spun on at 5000 rpm and baked at 90
• C for 1 minute. After e-beam lithography exposure, the resist was developed for 70 s in MF-319 and then rinsed with DI water. Ar ion milling was used to define the channel region. After resist removal, negative MaN-2403 resist (prepared as described above) and ion milling were used again to pattern and define the pillars. Ion milling was performed to etch through the FM material and stop at the top interface of the Cu channel. Before ebeam resist removal, 120 nm of SiO 2 was deposited using e-beam evaporation. The e-beam resist was then removed and SiO 2 was lifted off from the tops of the FM pillars. Next, a positive resist bilayer of SF9 and PMMA-C4 was prepared. The sample was prebaked at 150 • C for 2 minutes. Then the SF9 resist was spun on at 5000
rpm and baked at 180
• C for 5 minutes. Next, the PMMA-C4 resist was spun on at 3000 rpm and baked at 180
• C for 2 minutes. E-beam lithography was performed to pattern vias in order to make electrical contact to the channel region. The bilayer resist was developed in MIBK:IPA 1:3 for 25 s followed by IPA for 60 s. After drying the sample with N 2 , the development process was continued for 40 s in CD 26:DI 3:2 followed by DI water for 60 s. Vias were formed by etching the SiO 2 using a parallel plate reactive ion etcher. The gas species used were 70 sccm Ar, 47 sccm CF4, and 5 sccm CHF3 at a pressure of 75 mTorr and power of 100 W and was etched for 6 min and 30 s. After resist removal, a final step of e-beam lithography with the positive bilayer resist (prepared as described above) was performed to pattern the top electrodes. E-beam evaporation was used to deposit Ti (10 nm)/Au (100 nm) for the top electrodes where Ti acts as an adhesion layer for the Au contacts. A schematic of the fabrication process is shown in Fig. 2 . Precise alignment between the electrodes, channel, and ferromagnetic pillars is essential for correct operation of the device.
III. RESULTS AND DISCUSSION
For our experiment, we fabricated FM pillars of sizes 75 nm × 100 nm to 450 nm × 500 nm. Using a non-local measurement set-up and sweeping an external in-plane field, we could detect the non-local voltage signal change corresponding to the parallel and antiparallel orientations of the two FM nanopillars and observe switching events. Fig. 3(a) shows scanning electron microscope (SEM) images of the fabricated devices including the electrical leads for measurement purposes, and Fig. 3(b) shows a high magnification image of the device channel, nanopillars, and top electrodes. As seen from Fig. 3(b) , good alignment between the multiple e-beam lithography steps was achieved.
For the non-local measurement, a Keithley 6221 current source was used for injection of current and generation of the pure spin current. A nanovoltmeter was used for detection of the non-local signal. An external magnetic field was applied along the long (easy) axis of the ferromagnetic nanopillars and swept during the measurement. Results for a single device with 175 nm × 200 nm and 200 nm × 225 nm injector and detector with an edge to edge spacing of 500 nm and channel width of 500 nm are shown in Fig. 4(a) and (b) . A current density of 1.4 × 10 7 A/cm 2 (corresponding to a current of 5 mA) was applied for the measurements. Fig. 4(a) and (b) correspond to measurements taken at room temperature and 60 K, respectively. A non-local signal of V ≈ 200 nV for 60 K and V ≈ 100 nV for room temperature (corresponding to R = 40 μ and R = 20 μ ) is observed, which is on the order of spin signals observed in other Co/Cu/Co spin-valve reports [Ji 2006 ]. Additionally, we estimate the spin polarization for our devices using the equation given by Takahashi and Maekawa [2003] as follows:
where P is the polarization, L is the spacing between the injector and detector ferromagnet, and λ N is the spin diffusion length of the Cu channel. R N is given as:
where ρ N is the resistivity of the Cu channel and w and t are the thickness and width of the channel, respectively. For a Cu resistivity of 1.7 × 10 −8
-m and using the results from Fig. 4(a) , the spin polarization is estimated. Using an estimate of λ N = 200 nm and 400 nm, the polarization is estimated as 0.060 and 0.023 for the respective λ N at room temperature.
It is also possible to enhance the signal through the insertion of a thin oxide barrier [Vogel 2009 , Zou 2010 . It can be seen that at room temperature, the non-local signal is about half of that at 60 K. This temperature dependence of the NLSV signal is well documented and can be attributed to the increase in the spin-relaxation rate with increasing temperature [Villamor 2013] . It is also worth noting that the switching behavior of our devices shows magnetization reversal beginning before the externally applied magnetic field polarity changes and a gradual change in the non-local signal, as opposed to the sharp switching typically observed in other studies. We believe that this is due to the low aspect ratio of the FM nanopillars in our design in contrast to the very high aspect ratio FM strips in most other studies. Due to the low aspect ratio, there are not well-defined easy and hard axes and therefore a lack of strong preference of magnetic orientation direction in the plane of the field. This can result in the rotation of the magnetization before reaching the opposite polarity of applied external field. To verify this in our devices, we repeated the measurement with the external magnetic field applied along the nominal hard axis of the nanopillars for a device with pillars of 400 nm × 500 nm and 440 nm × 500 nm with a spacing of 430 nm at room temperature [ Fig. 4(c) ]. As seen from the results, very similar behavior is observed for the nonlocal signal whether the external field is applied along the easy or hard axis. It is anticipated that changing the FM nanopillar dimensions to have higher aspect ratios will increase the shape anisotropy and therefore improve the switching behavior; however, future studies are needed with additional higher aspect ratio devices to confirm.
Results from a 75 nm × 100 nm and 100 nm × 125 nm ferromagnetic injector and detector combination measured at room temperature are shown in Fig. 5 . A current density of 6.7 × 10 7 A/cm 2 (corresponding to a current of 5 mA) was applied at the injector site. Additionally, the IV curves of the channel and contacts (not shown here) for the devices show a linear response and indicate transparent interfaces for our devices. The etch-back fabrication approach described here enabled the patterning sub 100 nm non-local spin-valve devices with nanopillars.
IV. SUMMARY
We have demonstrated a new fabrication approach for non-local lateral spin-valve devices with applications for magnetic recording read heads and all-spin logic. We fabricated devices with pillar sizes ranging from 75 nm × 100 nm to 450 nm × 500 nm with various spacing. Room temperature results of the NLSVs show correct operation.
The fabrication process described in this paper allows for the entire material stack to be deposited under vacuum followed by a series of patterning, etching, and deposition steps to form FM nanopillar structures on a defined channel. The process will allow for the control of device dimensions and help improve scalability. This method also provides a fabrication process that is compatible with current industry methods and should allow for easier integration with CMOS devices or current read head fabrication processes. 
